FeMoco, MoFe 7 S 9 C, has been shown to be the active catalytic site for the reduction of nitrogen to ammonia in the nitrogenase protein. An understanding of its electronic structure including strong electron correlation is key to designing mimic catalysts capable of ambient nitrogen fixation. Active spaces ranging from [54, 54] to [65, 57] have been predicted for a quantitative description of FeMoco's electronic structure.
Introduction
Nitrogen fixation is the energy-intensive process of converting inert atmospheric nitrogen to more reactive, bioavailable forms, such as ammonia, nitrates, etc. Industrial nitrogen fixation is achieved primarily through the Haber-Bosch process, the metal catalyzed reduction of nitrogen to ammonia at high pressures and temperatures. In contrast, nitrogen-fixing bacteria in the soil have the ability to convert nitrogen to ammonia under ambient conditions according to the equation 
Nitrogenase, the enzyme responsible for catalyzing Eq. (1), is a two-component complex consisting of the MoFe protein, responsible for nitrogen reduction, and the Fe protein, which Figure 1a ), which has been studied extensively for decades using X-ray absorption/emission, 2,3 electron paramagnetic resonance 4, 5 and Mössbauer, 4, 6 and electron nuclear double resonance 7, 8 spectroscopies and X-ray crystallography. 9,10 A mechanism for nitrogen fixation, including oxidation and protonation states of the MoFe protein, has been proposed based on available kinetic data.
11,12
Density functional theory (DFT) has been used to calculate nitrogen binding and propose mechanism intermediates. 13 Broken symmetry (BS) DFT 14 has been used to help elucidate X-ray and Mössbauer spectroscopic data to assign oxidation states of FeMoco's Fe and Mo atoms, assignments that are not yet fully settled. 6, 15 It is also known that in the absence of sufficient Mo soil concentrations, homologous V and Fe based forms of the nitrogenase cofactor, FeVco and FeFeco, respectively, have evolved, with FeMoco > FeVco > FeFeco in terms of efficiency of nitrogen fixation. 16, 17 FeVco, however, has been shown to be more efficient at the reduction of carbon monoxide to small hydrocarbons. to capture multireference electron correlation can mistakenly attribute a redox event to being metal-centered. [22] [23] [24] In separate studies on polyaromatic hydrocarbons, multireference correlation was found to give rise to increasing polyradical character with increasing size for both linear chains and two-dimensional geometries.
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In this work, we study strong electron correlation in FeMoco using two multireference methods: the configuration interaction complete-active-space self-consistent-field (CI-CASSCF) method 26, 27 and the variational two-electron reduced density matrix (V2RDM) method. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] Strictly speaking, both are complete-active-space methods in which those electrons and orbitals thought to exhibit the greatest entanglement are treated as explicitly correlated. Orbital rotations are performed so as to minimize the energy in a self-consistent fashion. In the CI-CASSCF approach, the N -electron wavefunction is expressed as a linear combination of determinants constructed from active orbitals. Because expansion coefficients and electronic energies are determined via matrix diagonalization, CI-CASSCF scales exponentially with the number of active orbitals and is limited to smaller active-space sizes. In the V2RDM approach, however, the energy is expressed as a functional of the two-electron reduced density matrix, which scales only polynomially with the number of active orbitals, allowing larger active spaces to be considered. To decrease the computational cost, we consider a modified FeMoco in which those atoms and moieties that anchor the cofactor into the protein are replaced with H ( Figure 1b) . We also consider two smaller cluster moieties, MoFe 3 S 7 and Fe 4 S 7 ( Figure 1c) . In each case, the aim of the work is to study systematically the emergence of static correlation using increasingly larger active spaces and basis sets. To our knowledge, this work represents the largest active-space calculation of FeMoco and is a promising step forward in understanding the role of strong static correlation in its electronic structure.
Theory
In this section, we describe the CI-CASSCF and V2RDM calculations. 
where 2 K is the 2-electron reducted Hamiltonian matrix. The minimization is achieved using semidefinite programming, 31,34,35,38,48 a constrained optimization approach based on the p-particle, N -representability conditions 40 that ensure that the 2-RDM corresponds to an N -electron wavefunction. In this work, we use 2-positivity conditions, which require the 2-RDM, as well as the 2-hole RDM, 2 Q, and the particle-hole RDM, 2 G, to be positive semidefinite:
whose matrix elements are given by
where the creation and annihilation operators correspond only to the active-space orbitals.
The use of D, Q, and G conditions gives rise to O(r predicting active spaces ranging from [54, 54] to [65, 57] , depending on the spin and charge state considered. 49 A CAS approach for a singlet state using a [54, 54] active space would correspond to 10 29 configuration state functions! In this work, we explore the active-space size necessary to capture qualitatively the dominant correlation by systematically increasing the active space and using fractional spatial natural-orbital occupation numbers to assess the level of multireference electron correlation. Natural-orbital occupation numbers for spatial orbitals should range from 0 to 2, and while the cutoff criterion for correlated versus uncorrelated electrons is somewhat arbitrary, we choose the range 0.2 to 1.8 to indicate strong electron correlation. Natural orbitals with occupation numbers less than 0.2 or greater than 1.8 are considered to have more virtual-orbital or core-orbital character, respectively. As an additional means to assess the level of correlation, we calculate the von Neumann entropy,
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S 1 , defined as
where n i is the occupation number of the ith active orbital. The von Neumann entropy is zero in the absence of electron correlation and increases with more fractional occupation numbers between 0 and 2.
To this end, we consider active-space sizes [6, 6] , [10, 10] , [14, 14] , [18, 18] , [22, 22] , [26, 26] , and [30, 30] . The exponential scaling of the CI-CASSCF method limits its use to active spaces up to [14, 14] while the V2RDM approach, with its r 6 a scaling, allowed for active spaces up to [30, 30] . Consider, the [30, 30] Table S1 .) The structure considered differs from native FeMoco only in those atoms that would anchor the subunit into the parent protein and therefore provides a useful probe into the extent of electron correlation in FeMoco. For added simplicity, all calculations correspond to neutral compounds in the singlet S=0 state, as opposed to the native charged, S=3/2 state. 58, 59 As an additional probe into the electronic structure of 
Results
In this section, we present results based on V2RDM calculations for FeMoco (Figure 1b) as well as for moieties MoFe 3 S 7 and Fe 4 S 7 (Figure 1c) . In order to study the effects of activespace size and basis set on the multireference electron correlation seen in the system, we consider a set of increasingly large active space-sizes, including [N a , r a ] = [6, 6] , [10, 10] , [14, 14] , [18, 18] , [22, 22] , [26, 26] , and [30, 30] in the STO-3G, 3-21G, and DZP basis sets. We also present results for CI-CASSCF calculations for [6, 6] , [10, 10] , and [14, 14] in each basis set. Larger active spaces were intractable.
We show in Figure 2 correlation energies (in atomic units) for FeMoco calculated with CASSCF (up to [14, 14] ) and V2RDM (up to [30, 30] ) for the three basis sets, where the With the V2RDM method, we were able to consider active spaces up to [30, 30] . Figure 4 collates occupation numbers for a larger range of active spaces up to [30, 30] for the STO-3G, 3-21G, and DZP basis sets. Table 1 contains corresponding von Neumann entropies calculated using Eq. (9). It is clear that the active-space composition as well as the underlying Figure 3 : Occupation numbers for V2RDM and CASSCF in STO, 3-21G, and DZP basis sets for [6, 6] , [10, 10] , and [14, 14] .
basis-set representation can affect the extent of correlation captured in the system. The [14, 14] and larger active space. This is even more pronounced when polarization basis functions are introduced in the DZP basis set, which maintains a single-reference character until [22, 22] . For the STO-3G and 3-21G basis sets, the number of correlated electrons at the largest active-space size becomes fairly constant and is fewer than half of the active electrons.
While we cannot say that we have reached a similar level of convergence for the DZP basis set, the 3-21G results suggest that we may be close to a qualitatively converged description of multireference correlation in the system. The lack of fractional occupation numbers for smaller active-space sizes for DZP also suggests that correlated methods, such as CASSCF, with insufficient active spaces can fail to represent the electron correlation present in the system with possible consequences in predicting redox behavior. The ability of the V2RDM method to treat larger active spaces self-consistently provides a powerful tool in describing electron correlation in larger organometallic complexes.
In order to determine if calculations were converged with respect to basis, we ran [6, 6] , [10, 10] , and [14, 14] active-space calculations with the TZP basis [60] [61] [62] and found orbital occupation numbers to be converged with single-reference solutions persisting. In order to investigate the effect of the initial active space orbitals, we first compared [6, 10] , [8, 10] , Figure 4 : Occupation numbers for FeMoco using V2RDM for increasing active-space size for STO-3G, 3-21G, and DZP basis sets. The x-axis is the same for each plot and is displayed at the bottom.
[10, 10], [14, 10] and [18, 10] active spaces in the DZP basis. Active spaces with N a < r a are composed of more virtual HF orbitals than occupied HF orbitals, and vice verse. In each case, single-reference character persisted with the [10, 10] active space giving rise to the lowest energy. We also considered [6, 6] , [10, 10] , [14, 14] , and [18, 18] active spaces composed of correlated natural orbitals (NOs) from the [22, 22] active-space calculation. In each case, the CAS-CI energy was greater with more single-reference character when using the NOs from the [22, 22] active space. However, subsequent orbital rotations in the SCF procedure lowered energies and gave rise to more multireference character than those calculations seeded with HF orbitals for all but the [6, 6] active space. Correlation energies are provided in Table   S5 in the Supporting Information. Figure 5 compares the occupation numbers calculated using HF orbitals (red) and natural orbitals (blue) from the [22, 22] active-space calculation.
Recalculated von Neumann entropies for [6, 6] , [10, 10] , [14, 14] , and [18, 18] Occupation numbers for [6, 6] , [10, 10] , [14, 14] , and [18, 18] active spaces seeded with HF orbitals (red) and natural orbitals (blue) from the [22, 22] active space calculation. For the smaller MoFe 3 S 7 and Fe 4 S 7 moieties, we see a similar competition between singlereference and multireference solutions for the molybdenum containing moiety, MoFe 3 S 7 , and a rough convergence of the fractional occupation numbers for both moieties by the [22, 22] active space in the DZP basis. We also see more electron correlation for the individual moieties than for the whole, even for the smaller active spaces. Bond formation therefore can give rise to fewer overall correlated electrons.
As an additional gauge of the effects of multireference electron correlation on FeMoco's electronic structure, we show in Table 2 Mulliken charges for all three structures calculated with HF and with V2RDM in a [30, 30] active space, both in the DZP basis. The table is arranged such that analogous atoms in the moieties are in the same row as in the FeMoco structure for easy comparison. Note that the C atom in FeMoco is replaced with an S-H in both moieties to maintain a singlet configuration. In each case, we see the expected positively charged transition metals, with Mo in a higher oxidative state compared to the Fe atoms, and negatively charged sulfur atoms. But we also notice that multireference correlation manifests itself in more electron density on the transition metals, resulting in more reduced Mo and
Fe atoms and more oxidized S atoms than in the single-reference HF picture. In FeMoco, this is more pronounced for Fe, and in MoFe 3 S 7 , this is more pronounced for the Mo. A 
Discussion and Conclusions
The cofactor FeMoco, MoFe 7 S 9 C, has been shown to be the active catalytic site responsible for the reduction of molecular nitrogen (N 2 ) to ammonia in the naturally occurring nitroge- nase protein. A detailed understanding of its electronic structure, including strong electron correlation, is key to designing mimic catalysts capable of ambient nitrogen fixation. This work pursues FeMoco's electronic structure from a multireference perspective using the CI-CASSCF and V2RDM methods. We systematically explore the effect of active-space size and basis-set representation on the extent of strong static correlation in FeMoco and two moieties MoFe 3 S 7 and Fe 4 S 7 and find that both active-space size and basis-set representation can give rise to a competition between single-reference and multireference solutions when using HF orbitals in the initial active space. Double-zeta basis sets 3-21G and DZP favor single-reference solutions for smaller active spaces but gave rise to correlated, multireference solutions at larger active space sizes. This competition can be mitigated somewhat by using correlated natural orbitals from larger active space calculations. At [30, 30] in the DZP basis, calculated Mulliken charges and plots of natural-orbitals with fractional occupation numbers reveal static correlation gives rise to more reduced molybdenum and iron atoms compared to the single-reference HF solution, a consequence that should affect FeMoco's redox properties.
Recent studies involving ligand non-innocence have shown that insufficient active space sizes can fail to capture key multireference correlation and lead to qualitatively different descriptions of redox events. Calculations of the reduction of vanadium(IV) oxo complex using the V2RDM method and an active space of [12, 10] supported a metal centered electron addition giving rise to an elusive low-valent vanadium (III) oxo complex while a larger [42, 40] active-space calculation revealed that electron entanglement leads to a ligand-centered addition. A very similar result was seen in a study involving manganese superoxide dismutase mimics for which a CI-CASSCF calculation using an [14, 14] gives rise to a metal-centered electron addition while a V2RDM calculation with a larger [30, 30] active space points to ligand-centered addition and ligand non-innocence. While the current work does not consider the reduction or oxidation of FeMoco, competing single-reference and multireference solutions at smaller and larger active spaces, respectively, reinforce the need for a qualitatively correct 20 description of static correlation to describe accurately redox events.
